ABSTRACT: A recent ion mobility-mass spectrometry (IM-MS) study of the nonapeptide bradykinin (BK, amino acid sequence Arg
), is associated with blood pressure regulation and vasodilation, pain response, and inflammation. 1, 2 Since the 1949 discovery of its physiological effects, 3 many investigators have attempted to determine the structure of BK. Nuclear magnetic resonance (NMR), 4−7 circular dichroism, 6−8 and molecular dynamics (MD) 4−11 studies of the free peptide yield a partial characterization of the structureidentification of a β-turn involving the Ser 6 -Pro 7 -Phe 8 -Arg 9 residues. No definitive structural information about the N-terminal portion of the peptide exists. Instead, this region is described as a highly flexible 12 random coil 7, 13 that is believed to be unstructured in solution.
14 Recently we found evidence for as many as 10 populations of different structural forms of free BK, that vary depending on the solution composition; 15 this plurality of states is consistent with the inability to characterize the Nterminal region of the peptide. In 2008, Lopez et al. used NMR and MD techniques to show that BK binds to its B2 receptor in a relatively open geometry in which all three proline residues are in the trans conformation. 14 That only a single BK conformer is complexed with its receptor raises a number of interesting questions: For example, what elements of structure exist in other forms of the free peptide? Can the inactive BK states convert into conformers that are capable of binding to the receptor? Or, do these other conformers represent dead ends that remain inactive? One can imagine that the many structures may be specific to other receptors or even suggest the existence of other receptors that are yet to be discovered. Complete characterization of BK conformations in different environments is important in understanding its biological role and may aid in the design of more effective receptor agonist and antagonist analogues.
This study focuses on understanding the origin of BK conformers that exist in the absence of BK receptors. After considering several factors that may influence conformer preferences of the unbound peptide, we conclude that the Pro 2 , Pro 3 , and Pro 7 residues are key in establishing multiple conformations of the free peptide. Specifically, combinations of cis or trans forms of these three residues are responsible for some of the populations observed experimentally. Although cis and trans configurations of proline have been studied for many years (using numerous experimental approaches), the most convincing data about preferred configurations are derived from theory as well as statistical surveys of X-ray structures of nonredundant chains from the Protein Data Bank. 16 Generally prolines in amino acid chains are found in the trans configuration (∼95% of the time). 17 The present study integrates amino acid substitution chemistry and ion mobilitymass spectrometry (IM-MS) analysis for understanding the conformer preferences of biologically relevant peptides. The data provide insight into the critical role of cis and trans proline configurations in the populations of structures that are observed in solution. We find that the BK conformers present in solution have a high preponderance to incorporate cis-Pro configurations. A discussion of variations in populations with different solution composition and the ability of states to interconvert is provided.
■ EXPERIMENTAL SECTION
Peptides and Peptide Modification. Table 1 provides a list of all of the peptides that were used in this study. A detailed description of how each was obtained is provided below. The BK peptide was purchased as a lyophilized acetate salt from Sigma-Aldrich (≥98%, St. Louis, MO, U.S.A.) and used without further purification. Aminoterminally acetylated BK was produced according to the protocol of Abello et al. 18 N-hydroxysuccinimide (NHS) acetate (100 mM in DMSO) was added at a final concentration of 5 mM to 10 μM BK in 100 mM sodium phosphate buffer (pH 8) and placed in a boiling water bath for 60 min. The sample (99% purity) was desalted with an Oasis HLB cartridge (Waters; Milford, MA, U.S.A.) prior to electrospray ionization (ESI).
Carboxy-terminal methylation of BK was carried out according to Ma et al. 19 To 0.85 μg BK (lyophilized powder) was added 200 μL of methanolic HCL and incubated at 37°C for 2 h. The solution was then dried in a Speed-Vac (Labconco; Kansas City, MO, U.S.A.) (89% purity) and resuspended for ESI.
Peptide Synthesis. BK analogue peptides were synthesized on an Apex 396 peptide synthesizer (AAPPTec, Louisville, KY) by a standard Fmoc solid-phase peptide synthesis protocol. C-terminal Arg(Pbf) Wang-type polystyrene resin and Fmoc side-chain protected amino acids were purchased from Midwest Biotech (Fishers, IN, U.S.A.). N α deprotections were carried out with 20% piperidine in dimethylformamide; double couplings were performed with 1,3-diisopropylcarbodiimide/6-chloro-1-hydroxibenzotriazol. Peptides were cleaved from the resin with a solution of trifluoroacetic acid: triisopropylsilane:CH 3 OH (15:1:1), followed by precipitation into diethyl ether. Peptides were lyophilized and purified by semipreparative-scale reversed-phase liquid chromatography. Table 1 includes a list of all analogue sequences that are analyzed below as well as their estimated purities based on MS analysis. In general, sample purities range from ∼95 to >99% (i.e., HPLC grade).
ESI Solutions. The various peptides were dissolved in 49:49:2 CH 3 OH:H 2 O:CH 3 COOH to create ∼10 μM solutions. We note that a previous study 15 utilized a wide range of ESI solvent compositions (0:100 to 100:0 CH 3 OH:H 2 O and 0:100 to 90:10 dioxane:H 2 O), which will be included in the discussion below.
Instrumentation. IM spectrometry techniques, 20,21 instrumentation, 22−25 and theory 26−28 have been reviewed previously. A brief description is provided here. IM-MS measurements were carried out on a home-built IM/time-of-flight mass spectrometer ( Figure S1 ). Solutions were electrosprayed from a NanoMate chip-based nano-ESI autosampler (Advion Biosciences, Inc., Ithaca, NY, U.S.A.). Ions were trapped in a Smith geometry ion funnel and pulsed into a ∼1.8-m drift tube for mobility separation. IM measurements were performed under low-field conditions which employed 3.00 Torr He buffer gas and a drift field (E) of 10 V·cm −1 . Mobility-separated ions were then focused into the source region and orthogonally accelerated into a two-stage reflectron-geometry time-of-flight mass spectrometer. Mass spectra were recorded every 50 μs resulting in a nested drift time (t D ) and mass-to-charge (m/z) measurement. 29 The instrument can also be used for IM-IM-MS experiments; this is accomplished by applying an electrostatic gate at the entrance of an ion funnel in the middle of the drift tube, as described previously. 30 This gate utilizes a delay pulse synchronized with the source pulse to select mobility-separated ions after ∼0.7 m of drift length. A voltage can be applied at the conclusion of the ion funnel to collisionally activate the selected ions to form a new population of ions, which then separate through the remaining meter of drift tube.
Determination of Experimental Collision Cross Sections. The present study focuses on the +3 charge state. Therefore it is possible to convert drift times into values of collision cross section (Ω) and useful to compare mobility distributions directly on a cross section scale. This is a straightforward conversion as given by the following equation:
where k b is Boltzmann's constant, T is temperature (300 K for these studies), m I is the mass of the ion, m B is the mass of the buffer gas (He), L is the length of the drift region, P is the pressure, and N is the number density of the gas at STP. Correction of Cross Section Distributions for Ala-Substituted Sequences by Use of Intrinsic Size Parameters. For direct comparison of BK analogue peptides (in which Ala residues are substituted for Pro residues) with BK, the size difference between Ala and Pro must be taken into consideration. For example, the mass of BK is 1059.56 Da, and the mass of the three single-substituted Pro → Ala analogues is 1033.55 Da. The differences in the size of the Pro and Ala residues can be accounted for by using the intrinsic amino acid size parameters published by Valentine et al. 32 and amino acid residue collision cross sections by Srebalus-Barnes et al. 33 Assuming no other changes in the conformation, a single Ala substitution will shift the cross section by the difference in the intrinsic size parameters for Pro and Ala (i.e., 19.82−17.35 ≈ 2.5 Å 2 ). Similarly, a two-residue substitution would shift the cross section scale by 4.9 Å 2 , and a substitution of Ala at all three Pro sites leads to a shift of 7.4 Å 2 . As shown below, these shifts are very reproducible and when accounted for provide us with a means of understanding which types of structures are insensitive to Ala substitution (in which case the Pro residue is unimportant in establishing a given conformation) and which substitutions dramatically influence the distribution of structures that is observed.
■ RESULTS AND DISCUSSION
Background Regarding the BK Structure and Charge Configuration in the Gas Phase. One of the first issues that arises in relation to the structure of BK involves understanding the influence of the protonation state on conformation. 3+ ions has also been the subject of numerous studies. 15, 36, 44, 46, 47 This ion has received considerable attention because multiple features are resolved in the IM-MS distribution, and the intensities of these features vary substantially depending composition of the analyte solution and instrumental conditions employed. 15 On the basis of theoretical studies, Siu and co-workers proposed a nonsalt-bridged charge configuration for [ . Our initial impression was that different charge configurations might be responsible for the multiple peaks that are observed in the IM-MS distributions. 15, 46 We proceed by modifying the ends of BK to restrict possible charge configurationsan approach that is analogous to that used by Williams and co-workers. Figure 1 ions. A summation of the cross sections that are recorded for the different ions is provided in Table 1 . Here, we focus on the three main features, previously assigned conformations A, B, and C. 46 We focus on these peaks because they are the largest in the observed IM distributions (under the solution conditions employed), and we have previously studied the interconversion of these states in detail by ion selection and activation techniques. 46 We note that the arguments that are presented below can be extended to the more elongated D−G states (reported previously 15 ). The interested reader can evaluate these differences for states D−F independently from the data we present below.
Four configurations of charge sites resulting in a net charge of +3 have been considered previously. 48 Each of these four configurations assigns protons to both highly basic guanido groups of arginine (accounting for two of the charges). With this in mind, the four charge-site assignments are completed as follows: (1) addition of a third proton at the amino terminus; (2) protonation of the backbone carbonyl oxygen of Phe 5 ; (3) protonation of backbone carbonyl oxygen of Gly 4 ; or (4) protonation of the amino terminus and a backbone carbonyl oxygen together with a deprotonation of the carboxyl terminus, resulting in a salt-bridged structure.
It is possible to test which of these configurations is present by analyzing the set of modified BKs described above. IM-MS analysis of the BK-methyl was performed to address the possibility of a salt-bridged structure (charge-site configuration 4). Methylation blocks the carboxyl terminus from deprotonating, hence preventing formation of a salt bridge between the Cterminus and a protonation site. 3+ . Thus, unlike the singly and doubly charged forms of BK, the results reported here for the methyl-ester form rule out conformers originating from salt-bridged ions for triply charged [BK + 3H] 3+ (configuration 4). In order to investigate the three remaining charge-site configurations, i.e., where the third proton is located on the Nterminus (configuration 1), the Phe 5 backbone carbonyl oxygen (configuration 2), or the Gly 4 backbone carbonyl oxygen (configuration 3), acetyl-BK was synthesized and analyzed. 2+ is observed at m/z 551.8 confirming acetyl-BK was indeed produced ( Figure S2 ). These results require that the amino terminus be the site of the third proton.
The combination of results from the N-and C-terminally blocked BK peptides indicates only a single charge-site assignment exists: configuration 1, in which the two arginine side chains are protonated and the third proton resides on the amino terminus. The multiple peaks that are observed in Figure  1a must be imposed by some other structural factor.
Some Other Structural Factor: Cis/Trans Isomers of Proline. Having ruled out the possibility of multiple charge assignments, we next consider whether different combinations of cis/trans Pro configurations (residues 2, 3, and 7 of BK) give rise to the multiple peaks observed by IM-MS. The substitution of Ala for a specific Pro residue is denoted here as Pro n → Ala, where n indicates the position of the substituted residue. A complete list of all of the Ala analogue peptides is provided in Table 1 .
It is interesting to consider the implications of substituting Ala for Pro. Because trans configurations are intrinsically more stable, nearly all peptide bonds adopt this configuration (i.e., one in which the dihedral angle of the backbone Cα 1 −C′ 1 − N 2 −Cα 2 atoms is ∼180°); this configuration also reduces steric hindrance of the side chains. 49, 50 For Xxx-nonPro bonds (where Xxx is any amino acid), the barrier between trans to cis rotation is ∼20 kcal·mol −1 , and the trans isomer is ∼2.5 kcal·mol −1 lower in energy. 51 In the case of Xxx-Pro, however, the energy barrier is significantly lower (∼13 kcal·mol −1 ), and the energy difference is only ∼0.5 kcal·mol −1 between cis and trans forms of the peptide bond. 50 We note that other substitutions could be used (e.g., D-Pro, sarcosine, pipecolic acid); however these substitutions, like Pro, can also readily isomerize to form both cis and trans populations. Here, we have selected Ala substitution because Xxx-Ala peptide bonds almost always exist as the trans isomer.
Single Pro → Ala Substitution Results. Figure 2 shows the cross section distributions (after correction for differences in the intrinsic sizes of Pro and Ala) for the three singlesubstituted analogues This analysis is easily extended to the Pro 3 → Ala analogue. Figure 2 also shows a third peak in the distribution for the Pro 3 → Ala analogue that falls between the peaks for conformers B and C. In order to investigate this new feature we carried out multidimensional IM-IM-MS experiments in which each of the three features in the distribution were selected and collisionally activated ( Figure S3) , as described previously. 30, 46 The high-and low-mobility peaks were found to convert into one another in the mid-drift tube ion activation region. Interestingly, it was not possible to select the middle peak; instead, selection (with no activation) resulted in a spectrum with two peaks on either side of the selection pulse that matched the high-and low-mobility peaks. This indicates the feature in the middle is not a third, stable conformation of Pro 3 → Ala BK; instead, the metastable peak is an indication of interconversion of conformers B and C between one another on the millisecond time scale of the IM separation. The results of these IM-IM-MS experiments suggest Pro 3 plays a role in stabilizing conformers B and C, thereby preventing low-barrier interconversion in native BK.
Finally, Figure 2 Figure S4 ). These results suggest Ser 6 -Pro 7 is in the cis configuration in BK conformations A and C, and the trans isomer is favored in B.
The results obtained from the single-substituted BK analogues are summarized in Table 2 . None of the singlesubstituted analogues form peaks that overlap with BK conformation A, which indicates all three prolines must be present to establish this BK structure. This suggests BK conformer A is cis-Pro 3+ distribution, and trans Xxx-Pro is assigned when the Ala-substituted peak matches an original BK conformer. To further test the assignments in Table 2 , three double-substituted Pro → Ala analogues were analyzed. ; and cisPro 7 . Pro 2,7 → Ala BK is a somewhat different case, in that fixing residues two and seven as trans does not match any of the cis/ trans combinations in Table 2 . Therefore, one would predict Pro 2,7 → Ala BK would not align with any of the three major BK peaks A−C. As shown in Figure 3 , the size-parameter shifted Ω for [Pro 2,7 → Ala BK + 3H] 3+ is ∼292 Å 2 , which is more than 2% larger than BK conformer B. It is important to note that when selected and activated by multidimensional IM, this peak does not change position (data not shown). Due to the relatively large difference in Ω between the analogue and the BK conformers, and that the activated peak does not shift, it can be concluded that the peak for Pro do not match any of the three cis/trans combinations in Table  2 .
The case in which the second two prolines are fixed in trans configurations matches the cis-Pro 2 , trans-Pro 3 , trans-Pro 7 assignment for conformer B in Table 2 . The cross section distribution for Pro 3,7 → Ala BK in Figure 3 clearly shows a single feature overlapping with BK conformation B, thus confirming this assignment. In summary, all three doublesubstituted Pro → Ala BK analogues yield cis/trans configuration assignments that agree with the predictions from the data for the single-substituted analogues.
Triple-Substituted (All Trans) BK Analogue. Finally, Figure 4 shows the IM-MS distribution for Pro 2,3,7 → Ala BK, where all three Pro residues are substituted for Ala. A single peak at Ω = 293 Å 2 (size-parameter shifted) is observed. While this peak lies close to that of BK conformer B, its cross section is more than 2.5% larger. Additionally, the peak does not shift when selected and activated by the IM-IM-MS approach described above. As with Pro 2,7 → Ala BK, we conclude that the triple-substituted Pro → Ala sequence is not analogous to BK, and instead represents a new (all trans) conformation. This is also consistent with the cis/trans configuration assignments that were made from evaluation of the single-and doublesubstitution distributions.
Rationalizing Transitions between States with Cis/ Trans Configuration Assignments. It is interesting to consider the structural transitions that are observed with these assignments in mind. In previous work we have shown that it is possible to select and activate conformers A−C and convert them into one another. 46 The present cis-/trans-Pro assignments require in every case that two prolines isomerize from cis to trans or from trans to cis during this activation phenomenon. This is somewhat surprising, as one would expect the simplest transition would involve a single isomerization event. It is possible that these results indicate a concerted twoproline transition in this system. Alternatively, it could suggest our assignments are incomplete (only four of the eight possible Pro configurations for BK have been addressed). For example, conformer B might also be consistent with the cis-Pro 2 , transPro 3 , cis-Pro 7 configuration (on the basis of the slight mobility mismatch discussed for the Pro 7 → Ala distribution). In this scenario, the A to B transition requires a single cis to trans Pro 3 isomerization, followed by a single cis to trans isomerization of Pro 2 for the B to C transition. Implications for Solution-Phase Populations. From the statistically derived propensity of proline to prefer the trans isomer 17 we would initially predict that a system with three proline residues has a 0.05, 0.0025, and 0.000125 probability of containing one, two, or three cis peptide bonds, respectively. Our current study allows us to test these predictions. Moreover, from our earlier paper 15 we presented the dependence of IM peak intensities on the solution composition. Thus, the predictions can be evaluated for a range of solutions. Using the above assignments, it is possible to obtain the populations of different cis/trans configuration forms across the range of different solution compositions that were evaluated.
Briefly, we find that BK in methanol exists as predominantly the cis-Pro simply unusual, it may not be safe to assume that trans-Pro dominates the structures for smaller peptide systems. 
